Interstitial antennas are useful for producing localized power as in the hyperthermia treatment of tumors. Simple analytical forms for the generated electric field, the radiated power, and the input impedance are used in this paper to study the characteristics of a short dipole in a dissipative medium similar to the white matter of the brain tissues for a frequency range from 0.2 to 2 GHz. These analytical forms are found to be a fast efficient technique for designing a small dipole antenna that can be used to produce a concentrated power around the antenna that can be used to produce localized regional heating for hyperthermia treatment of brain tumors. It is found that a dipole whose length and radius are nearly 7 mm and 0.3 mm respectively operating at nearly 400 MHz is quite suitable to produce the required localized power. Also FDTD method is used to verify the validity of these analytical forms.
the radiated power from the antenna to be dissipated and localized in small area. When interstitial antennas are used in conjunction with other types of treatment, such as brachytherapy, the existing surgical tracks can be used to insert interstitial antennas in the body [2] . Antennas applied to elevate the temperature of cancer tissues can be located inside or outside of the patient's body. The types of the used antennas depend on the location. For instance, waveguide or low-profile antennas are more suitable to be externally positioned. On the other hand, monopole or dipole antennas fed by a coaxial cable can be designed for internal use [3] . Among the large varieties of antennas that may be used in this application, including waveguide applicators, phased array applicators, and other applicators of the capacitive or inductive type [41, the use of interstitial antennas has recently been of great interest [51] .
To design an interstitial antenna to be used for microwave heating ofbrain tumors, different parameters such as the length and radius ofthe antenna, operating frequency, and impedance matching properties have to be adjusted, in order to get a fast decaying electric field, and an amount of localized radiated power around the antenna, which is a required property for tumnors lhyperthermia. The design procedure requires identifying and quantifying the trade-offs between these varinous design parameters.
This paper presents a parametric study to show the effects of the dipole length radius and operatinlg frequency on the generated electric field, the dissipated power, and the input imlpedance of such dipole embedded in a dissipative medium similar to the white matter of the brain tissues. We have also studied varous tissues of the brain, like the gray matter and the cerebellum. It is found that they have similar performance like the white matter. However, due to the space limit, the results here are mainly based on the characteristics ofthie white matter. This parametric study is based onI simple analytical forms. The basic theory of this analysis is discussed in details through the following section. Section III presents the results and discussions. Finally. 
H-Theory
In hyperthermia applications, the main interest is primarily in the field quite close to the antenna where most of the heating takes place. Thus, the near electric field of a dipole is much more involved than the far field.
On the other hand implanting an antenna inside the patient is an invasive process. Thus, it is required to minimize the total size of the implanted antenna. Hence, this study is mainly focused on the analysis of a short dipole antenna such that Plh < 1 and cxh < 1 where a and ,6 are the attenuation and phase constants of the wave in the dissipative medium respectively and h is the dipole lalf length. This section presents the basic equations which are required to design a short dipole for hyperthermia applications.
The total electric field of a short dipole located along the z-axis including the near and far field components is given by [7] E50(r)=j,iJk(O)h (--k j')IkrsinG, 47ik~r rkr2
(1) where w is the operating angular frequency, 1u is the perneability of the medium, Iz (0) is the input current k = 8 -ja is the complex propagation constant of the medium and r is distance from the center of the dipole to the observation point, Figure(l). The above equation can be used to calculate the electric field due to a short dipole at any observation point whose r is greater than the dipole half length h.
The localized power inside a near-field sphere surrounding such short dipole is the difference between the power supplied to the antenna and power transferred outside this sphere. This localized power can be obtained as [7] p (0)12 KR I2h 2 ;r +ifLI earJ
where, Ro is the input resistance of the dipole,
and a is thie radius of the dipole. 
By using the above three equations, one can obtain the electric field distribution, the dissipated power in a closed volume and the input impedance of a short dipole embedded inside a dissipative medium.
IH-Results and Discussion
In this section the previously mentioned theoxy presented in Sec.(2) is used to study the characteristics of a short dipole embedded inside a dissipative medium similar to the white matter of the brain tissues. The electrical properties of such dissipative medium for different frequencies are listed in Table (1) [8] . It can be noted that for such parameters the propagation constant /3 and the attenuation coefficient a at lower frequencies are nearly of the same order of magnitude. For higher frequencies the propagation constant ,B gets much larger than the attenuation coefficient a. This means that at low frequencies the proposed medium is nearly a conducting medium, while at high frequencies it would be more like an insulating medium.
Figure (2) shows the electric field distribution as a function of the radial distance between the dipole and the observation point along the nonnal direction to the axis of the dipole. In this case the short dipole is assumed to be of a half length h = 3.5mm and a radius a = 0.3mm. The minimum wavelength in the present simulation including the effect of the surrounding medium is nearly 25 mm. Thus, the maximum half length of this dipole in terms of the operating wavelength is nearly 0.14 which can be considered as a short dipole. It can be noticed for such dipole that the decay rate of the electric field in the near field region to the dipole is much higher at lower frequencies than thle corresponding one at high frequencies. However, at larger distances the decay rate of lower frequencies becomes much] slower than the corresponding one of high frequencies.
This behavior can be explained by considering the different terms of equation (1). At low frequencies, where k is small, the near field region of small r is more dominated by the algebraic-terms r -n rather than the exponential term e .r Thus, the dominant behavior of the near field at low frequencies is dominated by 1 / r3 which represents a very high decay rate. On the other hland, at high frequencies, the wave number k has Figure (3) shows the localized power inside a near-field sphere surrounding such short dipole of a radius r > h at the same frequencies. It can be noted that at low frequencies, more power is concentrated around the dipole. By increasing the excitation frequency this localized power around the dipole penetrates to alarger distances. This can also be explained in the same manner as the electric field decay.
For hyperthermia application, the antenna is required to deliver most of its input poNver to the surrounding medium. Thus, the input impedance has to be matched to the feeding line which is usually designed to be 50 Q . The input impedance of such short antenna at the present dissipative medium can be calculated directly by using equation (3) . Figure (4) shows the frequency dependence of the input impedance for short dipoles of different lengths. It can be noticed that the best matching with respect to the 50 Q is nearly 40OMHz where the real part of the input impedance is nearly the same as the transmission line. The remnaining capacitive part of the input impedance can be cancelled by adding an inductive load. Figure (5) shows the input impedance dependence on the dipole half lengths for different frequencies. It is found that the suitable half-length is nearly 3 mm excited by 400 MHz.
Finally, the input impedance dependence on the dipole radius is investigated for different frequencies, Figure (6) , it is found that for low frequencies, specifically near 400 Mz, the suitable tadius for best matching is nearly 0.3 mm.
IV-Verification by FDTD
In this section, finite difference time domain (FDTD) [6] is used to verify the validity of the analytical technique discussed in Sec. II. The dimensions of the dipole are the same as those in Fig.2 and the operating frequency is assumed to be 400 MHz. The excitation voltage is assumed to be 7.4V. This excitation voltage is chosen such that the amplitude of the input current is nearly 0.3A to be the same as thle corresponding one in Fig.2 . This dipole is embedded in a homogeneous medium similar to the white matter of the brain, with a dielectric constant Er = 42 and a= 0.44.
Figure (7) shows a comparison between the calculated electric field distribution by using the analytical technique and the corresponding result by using FDTD. It can be noticed the good agreement between the two techniques. The input impedance obtained by using FDTD) in this case is found to be Z -59.583 -j143.69. The corresponding result obtained by using the analytical technique is Z = 54.261 -ji 12.77 which is quite close to the result of the FDTD. 
